We have found that the current range is divided into two parts for the appearance of potential oscillation during methanol oxidation on polycrystalline platinum at 315 K when the methanol concentration is between 10 and 0.03 mol dm −3 (M). The current range for oscillation disappearance, named ΔI (od), increases with a decrease in the methanol concentration. At currents below the ΔI (od), the oscillation waveform is always a large-amplitude and long-period (sometimes of the order of an hour) oscillation, named oscillation L. At currents immediately above the ΔI (od), a small-amplitude and short-period oscillation, named oscillation S, is observed for 0.03 to 0.1 M methanol and oscillation L is for 0.3 to 10 M methanol. For the latter methanol concentrations, oscillation S also becomes observed at higher currents. Such a ΔI (od) has not been found for potential oscillations during formic acid or formaldehyde oxidation and, thus, the existence of the ΔI (od) is distinctive to potential oscillations during methanol oxidation.
Introduction
Electrochemial oxidations of formic acid and methanol have been studied extensively because they have potential applicability to low temperature fuel cells [1] [2] [3] and are model electrocatalytic reactions. [4] [5] [6] It is well established that the framework of oxidation mechanism for these two compounds and formaldehyde is a dual path mechanism consisting of an indirect path via adsorbed CO 4,7-9 and a direct path. However, the direct path involves different species for oxidations of the three C 1 -compounds. For the oxidation of formic acid, Chen et al. 10 have proposed a weakly-adsorbed molecular HCOOH precursor, while Joo et al. 11 have proposed a weakly adsorbed HCOO ¹ precursor. For the oxidation of formaldehyde, Miki et al. 12 have proposed adsorbed bridge-bonded formate. Seidel et al. 13 have shown that formic acid is produced in the direct path.
As for the direct path for the oxidation of methanol, it has been found from solution analysis 14, 15 and differential electrochemical mass spectroscopy (DEMS) [16] [17] [18] that formaldehyde and formic acid are involved. Abd-El-Latif et al. 19 have recently argued that methyl formate, the amount of which has often been assumed to be an indirect measure of that of formic acid formed, is directly formed on the surface but not in the liquid phase by esterification. Chen et al. 20 have argued that the direct path partially involves adsorbed bridgebonded formate as a reaction intermediate. The direct path for oxidations of the three C 1 -compounds thus involves different reaction intermediates in spite of the framework of reaction mechanism in common.
Oxidations of the three C 1 -compounds produce potential oscillations under constant current conditions. [21] [22] [23] [24] [25] [26] [27] It is well established [24] [25] [26] [27] that in principle an electrochemical oscillation, a kind of system instability, is brought about by a negative differential resistance, NDR, in a voltammogram. In fact the voltammograms for all the three compounds show the NDR around 0.7 V (vs. RHE) in the positive-going potential sweep, although it is not easy to observe the NDR for methanol oxidation. 28, 29 A brief mechanism for the occurrence of potential oscillation is explained as follows. At a low potential the CO coverage increases and then water adsorbs stronger with increasing potential, 30 decreasing the coverage of vacant sites, where methanol oxidation proceeds via the direct path. This causes the potential to increase to a high value to keep the applied current. At a high potential adsorbed CO is partially oxidized with water or hydroxide, the former of which becomes reactive at a high potential, although it blocks the surface reaction site at a low potential. Then vacant sites are produced, decreasing the potential to a low value to keep the applied current. This cycle repeats itself to give an oscillation.
The way of oscillation appearance during the oxidation each of the three compounds, however, has its characteristic features: [31] [32] [33] [34] [35] [36] the oxidation of formic acid mainly exhibits simple (period-1) and mixed-mode oscillations, that of formaldehyde easily shows a chaotic oscillation together with various kinds of periodic oscillations, such as period-2, period-2 2 , and period-3 oscillations, and that of methanol also produces various kinds of oscillations but their change with time is fast and the oscillation potential range is approximately 0.1 V higher than those of formic acid and formaldehyde. Here, period-n oscillation is the one with n peaks in one oscillation period. Nagao et al. 34 have succeeded in stabilizing each oscillation mode during the oxidation of methanol by controlling the applied current.
Boscheto et al. 37 have also reported that the range of adsorbed CO coverage, 0.24-0.37 monolayer (ML), during the methanol potential oscillation is narrower than that, 0.20-0.40 ML, of formic acid. We also have found a new feature distinctive to the oscillation during methanol oxidation: the current range for the appearance of oscillation is divided into two parts. This paper describes the newlyfound phenomenon.
Experimental
The experimental cell used was a conventional three-electrode one. The working electrode was a platinum wire (99.99%, 2.5 cm 2 ), the counter one a platinized platinum wire, and the reference one a reversible hydrogen electrode (RHE) in the supporting electrolyte, 0.5 mol dm ¹3 (M) sulfuric acid (Wako Pure Chemical Industries, Ltd., Japan, "Super Special Grade"). The working electrode was pretreated by heating it in a hydrogen flame for about ten seconds, and then, before each run, by repeatedly applying a triangular potential sweep between 0.05 and 1.4 V at a sweep rate of 0.1 V s
¹1
. The potential just before current application to observe potential oscillations was lower than 0.2 V. The methanol solution with 0.5 M sulfuric acid was prepared by adding methanol (Wako Pure Chemical Industries, Ltd., "Super Special Grade") and sulfuric acid to Millipore "Milli-Q" water. The solution temperature was 315 K (42°C).
We used a function generator (Hokuto-Denko Corp., Japan, HB-105) and a potentiostat/galvanostat (Hokuto-Denko Corp., HA-501G). The time sequence of the potential or current values was acquired through an AD converter (National Instruments Corp., PCI-6034E) and saved in a personal computer after averaging 100 values acquired at a sampling rate of 100 kHz or slower, on a homemade program using LabVIEW (National Instruments Corp.), which was also used for the data processing.
Results and Discussion

Potential oscillations observed during methanol oxidation
To obtain an overview of oscillation behavior during methanol oxidation, we first investigated potential oscillation behavior in detail during oxidation of 10 M methanol. As shown in Fig. 1 , no oscillation was found at 40 mA (a), whereas a large-amplitude and long-period oscillation was observed at 35 mA (b). Hence the maximum current for the appearance of oscillation can be determined to be 35 mA for 10 M methanol. Repeated experiments under the same conditions showed that the maximum current slightly varied from run to run or from day to day with a deviation of ca. «10%. At a decreased current of 30 mA (c), the potential first exhibited a shortperiod oscillation for approximately 30 s and then increased in a monotone fashion. Subsequently, it gave a large-amplitude and longperiod oscillation and finally rose steeply to a value higher than 1 V.
A further decreased current, 8 mA, produced an induction period of approximately 350 s before the appearance of oscillation (d). The oscillation observed at early times were small-amplitude and shortperiod ones consisting of various oscillation waveforms. Since the oscillation waveform change was observed more clearly for 1 M methanol at 6 mA, as shown in Fig. 2 , we describe the oscillation waveform change using Fig. 2 . The potential began to oscillate with a gradual increase in the amplitude (b). The period-1 oscillation changed to period-2 (c), period-3 (d) and aperiodic ones (e). This aperiodic oscillation was found to be chaotic because a nextminimum return map gave a certain curve (g), indicating the presence of a deterministic law in the aperiodic oscillation. The next-minimum return map, also called the Lorenz map or the onedimensional Poincaré map, is a plot with local minimum potentials as the abscissa and the next minimum potentials as the ordinate. The time length of aperiodic oscillation was often so short and therefore the number of potential minima was so small that it was difficult to plot a return map. The present case happened to be fortunate enough to give a return map.
Returning to Fig. 1(d) , at approximately 550 s, the potential oscillation then disappeared and the potential increased in a monotone fashion. After an oscillation break of approximately 400 s, the potential showed again an oscillation with a large amplitude, approximately 0.38 V, and a long period, approximately 50 s, before rising steeply to a value higher than 1 V. The waveform is named oscillation L and that of the foregoing short-period and small-amplitude oscillation is named oscillation S in this paper. Although the two types of oscillations are clearly different through visual inspection, it is difficult to define them quantitatively but we tentatively define oscillation L as the one with a period of longer than 5 s and a long high potential part. Since the potential gradually increases even at a value higher than 0.9 V during oscillation L, adsorbed CO should be completely oxidized there. 20 Therefore, the oscillation mechanism involving adsorbed CO mentioned in Introduction does not apply to the one for the appearance of oscillation L, whereas it does to that of oscillation S. We tentatively suppose that a delicate balance between formation and consumption, with methanol, of platinum oxide, a surface poison, is maintained, although the former is a little stronger, causing the potential to gradually increase to keep the applied current. And the balance is broken by some trigger, causing the potential to steeply decrease.
Because the oscillation at 35 mA (b) and that at the late stage at 30 mA (c) show gradual increase in potential at around 0.9 V, we Electrochemistry, 82(7), 573-577 (2014) classify them as oscillation L. On the other hand, we classify a comparatively-short period and large-amplitude oscillation observed at the first stage before the oscillation break at 30 mA (c) as oscillation S. It should be noted here that oscillation S appears depending on the applied current, whereas Krausa et al. 35 reported that it appeared only when the potential just before current application was below 50 mV.
Oscillation S disappeared at 5 mA (e), and oscillation L also disappeared at 3 mA (f ). We may be tempted to determine the minimum current for the appearance of oscillation for 10 M methanol oxidation to be 5 mA. However, such determination of the minimum current proved to be incorrect as shown below. We therefore name such determined current I (pmin), where pmin means a pseudo-minimum. At 1 mA, a current very lower than I (pmin), a large-amplitude and long-period oscillation appeared approximately 7300 s (2 h) after the current application, as shown in Fig. 1(g) . Irregular minimum potentials seen in the figure are ascribed to a slow data acquisition rate, 1 point/s, due to a very long total acquisition time. If the acquisition rate had been fast enough, the minimum potentials would have been lower and much more regular. Since the oscillation period was very long, more than 120 s, and the oscillation amplitude was large, we classify the oscillation as oscillation L. We have thus found that oscillation L appears at a current far lower than I (pmin).
When the methanol concentration was decreased to 0.1 M, the potential showed an oscillation at 7 mA, while at 8 mA it did not, as shown in Fig. 3(a, b) . At 5 mA, after an induction period of approximately 20 s the potential gave a simple oscillation (c). At a further lower current, 2.2 mA, the potential began to gradually oscillate after a long induction period of approximately 940 s (d). The oscillation waveform changed consecutively from period-1 to period-2, period-3, period-4, and aperiodic oscillations. Since all these oscillations shown in Fig. 3(b-d) have short periods, less than 2 s, and small amplitudes, less than 0.2 V, we classify them as oscillation S. At 1 mA, as shown in Fig. 3(e) , the potential increased gradually in a monotone fashion until a sharp increase to a value higher than 1 V. With 0.1 M methanol, we could not observe an oscillation break at any current. From these observations, we can say that I (pmin) is 2.2 mA. Electrochemistry, 82 (7), 573-577 (2014)
At a current of 0.1 mA, far lower than I (pmin), we observed oscillation L as long as approximately 10 h after the current application, as shown in Fig. 3(f ) . The oscillation amplitude was 0.25 V and the period was 2 h both on average. It is noteworthy that the potential increases slowly from a low potential such as 0.65 V, as compared to 0.8 V observed in Fig. 1(b-e, g ). This indicates that a delicate balance between formation and desorption of adsorbed water, a surface poison at low potentials, is involved 30 together with that between formation and consumption, with methanol, of platinum oxide at high potentials. Namely, we can say that oscillation L appears at a current lower than I (pmin) and a sharp potential minimum becomes a round one with a decrease in the methanol concentration or applied current. Figure 4 shows a bifurcation diagram with two parameters, the methanol concentration, c, and the applied current, I, for potential oscillations during methanol oxidation at 315 K. In the diagram, oscillation sequences are classified into four types, (1) only oscillation S (closed circle), (2) only oscillation L (open circle), (3) oscillation S immediately followed by oscillation L (grey upward triangle), and (4) oscillation S followed by oscillation L with an oscillation break in between (open downward triangle).
Bifurcation diagram
We can see that the current range for the appearance of oscillation is divided into two parts for methanol concentrations less than or equal to 10 M. The current range for oscillation disappearance is named ¦I (od). It should be noted that an oscillation break observed under the conditions shown by open downward triangles in the figure is not the oscillation disappearance here. The oscillation disappearance means that oscillation is not observed at all during the experiment at a constant current. As shown by a grey zone in Fig. 4 , the ¦I (od) increases with a decrease in the methanol concentration. The higher boundary of the ¦I (od) corresponds to I (pmin). At currents below the ¦I (od), the oscillation waveform is always oscillation L with a very long period, sometimes of the order of an hour. At currents immediately above the ¦I (od), no oscillation is observed for 0.01 M methanol, while oscillation S is observed for 0.03 to 0.1 M methanol and oscillation L is for 0.3 to 10 M methanol. For the latter methanol concentrations, oscillation S also becomes observed at higher currents. Oscillation L, on the other hand, disappears at a current lower than that where oscillation S still remains for 0.3 to 3 M methanol, while the reverse is true for 10 M methanol. As shown in Section 3.3, such a ¦I (od) has not been found for potential oscillations during formic acid or formaldehyde oxidation, indicating that the existence of the ¦I (od) is distinctive to the potential oscillation during methanol oxidation.
Comparison with oscillation behavior during formic acid
and formaldehyde oxidations Usually oscillation behavior has been studied at a comparatively high or medium current [31] [32] [33] 38, 39 and, therefore, oscillations with a very long induction period of the order of hours, the key oscillations to finding the ¦I (od), have not been studied. To know whether a ¦I (od) is present or not with formic acid or formaldehyde, we investigated oscillation behavior at a very low current. For potential oscillations during oxidation of formic acid, we have already reported 38 that they appeared at a current between 24 and 12 mA for 1 M formic acid with 0.5 M sulfuric acid at 315K, with a criterion for the induction period to be less than 1 h. We, therefore, studied oscillation behavior at a current much lower than 12 mA. Figure 5 (a) demonstrates an example, which shows that a largeamplitude and long-period oscillation, oscillation L, appeared after a long induction period of approximately 14 h at 1 mA. However, we could not find a ¦I (od) for the current range studied, 10-0.5 mA. It should be noted that the potential increases slowly at around 0.6 V, indicating that a delicate balance between formation and desorption of adsorbed water is involved, 30 as mentioned before. Since the bifurcation diagram (Fig. 4) shows that the ¦I (od) is larger and therefore easier to find with a lower methanol concentration, we tried to find a ¦I (od) with a decreased formic acid concentration of 0.1 M. As a result, for the current range studied, 8-0.8 mA, we could not find a ¦I (od), either. Namely, at 0.8 mA, as shown in Fig. 5(b) , oscillation L appeared after an induction period of as long as 31 h, and at a higher current, oscillation always appeared, producing no ¦I (od) for formic acid oxidation.
For formaldehyde, we have already reported 39 that the potential oscillation appeared in the current range of 15-0.35 mA for 0.1 M formaldehyde with sulfuric acid at 315 K. We, then, studied again potential oscillation during oxidation of 0.1 M formaldehyde in the current range between 10 and 0.05 mA but we could not find a ¦I (od). As an example, Fig. 5(c1, c2) shows that at 0.05 mA after a long induction period of approximately 13 h, a mixed-mode oscillation appeared. Here, oscillation L clearly appeared as a mixed-mode one. With 1 M formaldehyde, we could not find a ¦I (od), either, in the current range of 40-0.1 mA. At 0.1 mA, after an induction period of approximately 4 h, the potential showed a period-doubling followed by chaotic and period-3 oscillations and others (not shown).
The results above show that the existence of the ¦I (od) is distinctive to potential oscillations during methanol oxidation. This means that the existence of the ¦I (od) is not related to the oxidation of formic acid or formaldehyde, which is produced and dissolved into a solution during the oxidation of methanol. [14] [15] [16] [17] [18] [19] Also it is not related to adsorption of sulfate or hydrogen sulfate because experiments on the oscillation during oxidation of formic acid or formaldehyde were also carried out with 0.5 M sulfuric acid. We presume the reason for the existence of the ¦I (od) is that methanol is most difficult to oxidize of the three C 1 compounds, as supported from voltammograms. 29 When the current is lower than I (pmin), the potential increasing velocity is so small that even methanol has a chance to reduce platinum oxide, which is formed at around 0.9 V, is not yet known, we think that it is one of diverse oscillation phenomena observed in the oxidation of methanol. Incidentally, an oscillation break was observed during the course of oscillation also for formic acid oxidation. A similar phenomenon, the amplitude of oscillation first decreasing and then increasing during the course of oscillation, has been reported. 34, 38 
Conclusions
We found that the current range for the appearance of oscillation was divided into two parts for oxidation of methanol when the concentration was between 10 and 0.03 M. The current range for oscillation disappearance, named ¦I (od), increased with a decrease in the methanol concentration. At currents below the ¦I (od), the oscillation waveform was always a large-amplitude and long-period oscillation, named oscillation L. At currents immediately above the ¦I (od), a small-amplitude and short-period oscillation, named oscillation S, was observed for 0.03 to 0.1 M methanol, while oscillation L was for 0.3 to 10 M methanol. For the latter methanol concentrations, oscillation S also became observed at higher currents. Oscillation L, on the other hand, disappeared at a current lower than that where oscillation S still remained for 0.3 to 3 M methanol, while the reverse was true for 10 M methanol. The existence of such a ¦I (od) was not observed for potential oscillations during formic acid or formaldehyde oxidation. Electrochemistry, 82 (7), 573-577 (2014) 
